A methodology to characterise the pressure losses in quasi-steady conditions (i.e. at full needle lift) of common rail diesel injectors was developed. The aim was to quantify the error when experimental results of nozzle internal flow are compared with computational fluid dynamics results, where pressure losses are usually neglected. The proposed methodology is based mainly on experimental tests that are complemented with some approximate calculations, based on the physics of the phenomenon, to take into account the effect of the needle deformation. The results obtained in the work lead to two important conclusions: on the one hand, that it is dangerous to extrapolate results relative to the injection (internal flow, spray atomization, spray penetration, etc.) and combustion processes from low permeability nozzles (e.g. single-hole nozzles) to high permeability nozzles (e.g. multi-hole nozzles), and, on the other hand, that the comparison of these results between experiments and computational fluid dynamics simulations should be carried out carefully, because the pressure losses in the injector can be high under certain conditions. Finally, people working on the study of the injection and/or combustion processes, through experiments or simulations, will find here some interesting information to better know the actual injection pressure to be used in their analysis and/or simulations.
Introduction
Pollutant emissions standards applicable to automobiles are more and more restrictive nowadays, [1] [2] [3] encouraging engine manufacturers to design and build more efficient and environment-friendly engines. For this reason, different methods to lower pollutant emissions are currently under investigation. One of the explored methods when dealing with diesel engines is the injector nozzle geometry. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The first step in order to study the effect of the nozzle geometry on the combustion process is the analysis of the flow at the nozzle orifice. 15 This flow is usually analysed taking into account the rail pressure, P rail , as the upstream pressure, and the back pressure (i.e. the pressure at the enclosure where the nozzle discharges), P back , as the downstream pressure. To be more strict, the real upstream pressure, i.e. the pressure at the nozzle sac, P sac , should be used instead of P rail . In fact, when the rail pressure is used any of the following two assumptions is implicitly taken: (1) the pressure losses along the injector are small compared to the rail pressure, or (2) these pressure losses are proportional to the pressure drop at the nozzle orifice. An example to illustrate this way of proceeding is when computational fluid dynamics (CFD) calculations of the flow inside a diesel nozzle are performed, where P sac is assumed to be P rail , thus neglecting the pressure losses. But it is dangerous to make any assumption which has not been validated, and to the authors' knowledge nobody has validated either of the two assumptions mentioned above.
For this reason, the main objective of this work is to validate these two assumptions. For this purpose a methodology to determine pressures losses along the injector in quasi-steady conditions (i.e. at full needle lift) will be defined, to then quantify the error introduced when these pressure losses are neglected.
This paper is divided into four more sections. In the next section, a brief description of the experimental arrangement used to quantify the pressure losses along the injector is presented. In the third section, the effect of the needle deformation on the pressure losses is analysed. In the fourth section, the pressure losses in a real nozzle will be quantified applying the knowledge gained in the two previous sections. Finally, in the last section the main conclusions of the study are presented.
Determination of the injector pressure losses
In Figure 1 , the layout of the experimental facility designed for the measurement of the injector pressure losses is shown. The injector (a second-generation, solenoid injector used in a four-cylinder, 1.6 litre HDI diesel engine) is mounted in a discharge chamber, which will be filled with diesel fuel as the injector is operated. The pressure in the chamber is regulated at the desired level by means of the back-pressure regulation valve. The tip of the nozzle was removed (the part containing the orifices) so as to make the nozzle sac accessible. Now the sac pressure can be controlled (in fact, it is the discharge chamber pressure) and the injector pressure losses can be characterised. In an actual injector, operating at nominal conditions, no cavitation in the injector holder exists. In these experiments, however, the sac pressure is now directly controlled, and attention has to be paid to avoid cavitation in the injector holder. For this reason a high pressure level in the discharge chamber (P sac = 5 MPa) was used during the experiments, which was enough to avoid cavitation in any part of the injector holder.
The experiments were performed with a constant back pressure, and only P rail was modified to change the operating conditions. For each operating point (i.e. a given P rail ), the mass flow rate going through the injector in steady conditions was measured. To achieve a continuous flow, the ball valve controlling the opening of the injector control volume was removed, so as to have the injector open continuously. (Details of the different parts of a common rail diesel injector can be found e.g. in Desantes et al. 16 ) The experimental results concerning pressure losses in the injector are shown in Figure 2 . (As will be justified later, they were obtained in simplified conditions, with an unrealistic needle deformation.) In the figure it can be observed that pressure losses in the injector can be quite high in some cases (at high mass flow rates). All the experimental points were fitted to the following equation
where the pressure losses include those of the injector holder (IH) and the needle seat. As the reader might guess, this equation is strictly only valid for the type of injector holder used in the present experiment. However, as the injector holder is representative of those currently used in automotive applications, the results of this paper can also be taken as representative of what might be expected in other injectors similar to the one investigated here. As the coefficient of determination, R 2 , of the fit is very near 1, this equation will be used to interpolate and/or slightly extrapolate pressure losses to any other value of the mass flow rate.
It is worth emphasising that even though the mass flow rate range tested is realistic, pressures are not.
(Higher values of mass flow rate were unable to be tested because of limitations in the injection pump: in fact, the mass flow rate in these tests was continuous, whereas the injection pump is designed to operate with relatively short injections -a few crank angle degrees every engine cycle.) In fact, P sac (equal to P back in this facility) was limited to 5 MPa because of the mechanical strength of the vessel, and consequently P rail could not be much higher. In real operating conditions, even if the value of P rail À P sac is similar to the one used in the experiments, the absolute values for P rail and P sac are much higher.
According to the literature, P rail has an effect on three aspects: on fuel properties, 17 on injector internal leakage, 18 and on needle deformation. 19, 20 Concerning the first aspect, several authors 19, 21 consider the fuel properties constant at different rail pressures, and therefore this effect should not be very important.
Concerning the second aspect, some authors 16, 19 assume that the sealing between the different injector parts is perfect, and so internal leakage can be considered insignificant. And concerning the third aspect, the elastic deformation of some elements (as for instance, the needle) can be very big, even near the same order of magnitude as their displacement, because of the high pressure. 16, 22 If the needle is deformed, a change in the cross-sectional area between the needle surface and the needle seat takes place, which may affect the pressure losses. The analysis of this effect is presented and discussed in the next section.
Effect of needle deformation on pressure losses
The effect of needle deformation on the pressure losses cannot be studied experimentally in the facility presented in the previous section because of some physical limitations (the discharge pressure is limited to a maximum value of 5 MPa). For this reason the study of this effect will be addressed by an approximate calculation based on the physics of the phenomena involved. The details of this calculation will be presented in four steps. First, the effect of the rail pressure on the needle deformation is analysed. Second, the effect of the needle deformation on the pressure losses at the nozzle seat is studied. Third, the relationship between the mass flow rate and the pressure drop in the nozzle is characterised and, finally, a calculation algorithm is defined so as to put all the aspects together.
Effect of rail pressure on needle deformation
The needle deformation affects the actual needle lift according to
where h is the needle lift when the needle is deformed, h o is the nominal needle lift, K def needle is the elasticity constant of the needle and P rail is the rail pressure. In this equation it is assumed that P rail is the main factor responsible for the needle deformation, for two main reasons: firstly, because this pressure is the one that reaches the bottom part of the needle, as the pressure losses in the injector holder are negligible (this will be demonstrated later) and, secondly, because the contact between the needle and its seat is nearly at the tip of the needle (see Figure 3) , and consequently the main part of the needle tip is mostly affected by P rail , and not by P sac . In order to see the effect of P rail on needle deformation, equation (2) will be used. For the calculations, h o was taken as 0.25 mm (this is the nominal maximum needle lift) and K def needle as 8 Á 10
À13 m/Pa. The last parameter was calculated taking into account the realistic geometry of the needle, considering it as being a combination of several steel bars, with the methodology presented by Desantes et al. 16 Under these assumptions, from equation (2), it can be seen that the maximum needle lift is 330 mm at 100 MPa of P rail , which represents an increase of 32% of the nominal maximum needle lift. Similar results are reported in Desantes et al. 16 It can be concluded that needle deformation can be very important in diesel injectors because of the high pressure levels.
Effect of needle deformation on pressure losses at the needle seat
Before giving details of the second step, the notation that will be used to perform the analysis of the needle deformation on the pressure losses is shown in Figure  3 . The injector is divided into three main parts: the injector holder (subscript 'IH'), the needle seat (subscript 'seat') and the orifice (subscript 'orif'). Each part is characterised by its discharge coefficient (C d ), its cross-sectional area (A), and its pressure loss (DP).
The effect of needle deformation on the pressure losses will be analysed through the following equation
where DP IH are the pressure losses in the injector holder, which will be obtained by the Darcy-Weisbach equation, 23 and DP seat are the pressure losses at the cross-sectional area defined by the needle surface and the needle seat, which will be obtained from equation (4) , showing the flow through the needle seat:
In this equation
, where A seat is the cross-sectional area at the needle seat, and C d seat the corresponding discharge coefficient. To solve equation (3), the pressure losses at the injector holder need to be determined first. For this purpose, as mentioned before, the DarcyWeisbach equation will be used considering the internal geometry of the injector holder as a pipe. It was found that these pressure losses are very small, and they can be neglected. The detailed analysis of these pressure losses is presented in Appendix 2. Taking into account this fact, equation (3) is simplified as follows
where DP seat will be found from equation (4) that was shown previously. But to use this equation both A seat and C d seat need to be known. The details about how to determine these two parameters are shown in Appendices 3 and 4, respectively, and only a brief summary will be given in the following paragraphs.
A seat will be found from equation (15), which is defined in Appendix 3. This equation takes into account the detailed geometry of the seat and the needle, as well as the needle lift.
C d seat will be obtained from the information presented in Figure 2 . It is assumed that this parameter (which is a function of the Reynolds number) is the same with or without needle deformation. This means that the C d of the needle seat is assumed to be a given function of Re at any maximum needle lift, i.e. at any value of the maximum cross-sectional area. It is worth emphasising that this is an acceptable choice taking into account that the needle is always at its highest position (maximum lift) in the present calculations. The details on how C d seat was obtained are presented in Appendix 4.
Relationship between mass flow rate and pressure drop in the nozzle
To complete the analysis, the nozzle is studied now. Depending on the number of orifices and their diameter, the relationship between the mass flow rate and the pressure drop across the orifices will be different. This relationship can be established taking into account the nozzle permeability, which makes it possible to obtain the value of (C d Á A) orif . The nozzle permeability is a standard parameter that is commonly used by nozzle manufacturers to quantify the flow through a nozzle. It is obtained by measuring the volume of fuel injected by the nozzle at a P rail of 10 MPa and a P back of 0.1 MPa during 30 s. (It is important to notice that the needle is removed in this kind of test, and consequently only the flow through nozzle orifices is characterised.) Its units are cc/30 s. This parameter can be related to the mass flow rate with the following equation
If the different terms in equation (6) are evaluated, the following equation is obtained
where x is the permeability in cc/30 s. The term (C d Á A) orif in equation (7) can be isolated, giving the following expression
Finally, with this parameter, the relationship between _ m f and DP orif (=P sac À P back ) can be established
As a first approach, the value of (C d Á A) orif will be assumed to be constant. Despite this simplification, the results will be qualitatively correct, as demonstrated later when considering a second approach. In this second approach, data of a real nozzle will be used, where the discharge coefficient varies with Re.
Pressures losses calculation algorithm
To evaluate the pressure losses at any other operating condition (i.e. at any P rail and P back ), the algorithm shown in Figure 4 will be used. This algorithm is explained as follows. The input data are P rail , P back and (C d Á A) orif . From this information the needle deformation is calculated (from equation (2)), and the crosssectional area at the needle seat is determined (from equation (15)). Afterwards, P sac is initially assumed to be equal to P rail , and with this parameter the mass flow rate is calculated (with equation (9)). From this value and the cross-sectional area of the needle seat, C d seat is obtained (from Figure 10) , and from all these parameters DP seat with deformation (i.e. the pressure losses at the seat with needle deformation) is found (through equation (4)). From these pressure losses, a new value of P sac is found (P sac new = P rail À DP seat with deformation ). This new value is compared with the old one, and if they are equal the calculation is ended. Otherwise, the calculation is repeated with the new value until convergence is reached. The previous algorithm (shown in Figure 4 ) was applied to several virtual nozzles with permeabilities between 60 and 680 cc/30 s, considering a back pressure of 5 MPa. The results are shown in Figure 5 in a surface P sac =P rail vs. P rail (the ratio P sac =P rail is an indicator of the pressure losses at the injector) where different permeability curves are plotted. The three points connected by a fitted curve appearing in the figure correspond to three different operating points of a real nozzle, which will be described and discussed in the section Analysis Figure 4 . Algorithm to calculate pressure losses at any other operating condition (P rail and P back ). Figure 5 . Evolution of P sac =P rail as a function of P rail for several virtual nozzles with permeabilities between 60 to 680 cc/30 s. The three points connected by a fitted curve correspond to three different operating points of a real nozzle, which will be described and discussed in the section 'Analysis of pressure losses in an injector with a real nozzle'. of pressure losses in an injector with a real nozzle. It is surprising that, for a given permeability, the pressure losses first increase with the rail pressure, and then decrease. This change in the trend of the curve is caused by the needle deformation, as demonstrated in Figure  6 , where the needle deformation effect was removed. From this figure, it is evident that the trend of the different permeability curves is monotonic (the pressure losses increase with the rail pressure). A comparison between Figures 5 and 6 shows, on the one hand, that the effect of the needle deformation is not negligible, and consequently it is important to take it into account for pressure losses characterisation. On the other hand, it can be observed that the needle deformation reduces the value of the pressure losses, though they still have a significantly high value.
Another important observation from Figure 5 is that pressure losses are not far from being proportional to P rail , because the different curves tend to be horizontal lines. (A horizontal line in this plot means that the ratio P sac =P rail is constant. Therefore P sac is proportional to P rail and, consequently, P rail À P sac is also proportional to P rail .) This result indicates that pressure losses in the injector (P rail À P sac ) are more or less proportional to the pressure drop in the nozzle orifice (P sac À P back ), even if the pressure losses are not negligible. Consequently, concerning the two implicit hypotheses mentioned in the introduction of this paper when talking about the common assumption of considering P sac = P rail when studying the flow in the nozzle, the first one (that the pressure losses along the injector are small compared to the rail pressure) is false whereas the second one (that the pressure losses are proportional to the pressure drop at the nozzle orifice) seems to be approximately correct. Because of this, it is possible to neglect pressure losses in the injector when the results of internal flow are being compared qualitatively, but it is an error to neglect these pressure losses if these data are used quantitatively (for instance when modelling results are compared to experimental results).
P rail affects both the mass flow rate and the needle deformation. The effect of this parameter on needle deformation is straightforward (as analysed at the beginning of this section), whereas its effect on the mass flow rate is not direct, because the nozzle permeability also plays an important role. In order to analyse the effect of nozzle permeability on the pressure losses, three different nozzles were selected (with permeabilities of 60, 340 and 680 cc/30 s) in Figure 5 , all of them plotted with a thicker line. For the low-permeability nozzle (60 cc/30 s), which corresponds to a single-hole nozzle, it can be observed that the pressure losses are really small (around 1% of P rail ), whereas for the two other nozzles with higher permeability (340 and 680 cc/ 30 s), which correspond to multi-hole nozzles, pressure losses can be very significant. Therefore, the comparison of results of internal flow between single-hole and multi-hole nozzles should be performed carefully.
It is important to underline that the nozzles analysed up to now correspond to virtual nozzles with a constant (C d Á A) orif . In the next section the pressure losses in a real nozzle (where (C d Á A) orif varies with the operating conditions) will be analysed.
Analysis of pressure losses in an injector with a real nozzle
The real nozzle analysed corresponds to a multi-hole nozzle, with conical orifices (k-factor 1.7) of an outlet diameter of 138 mm, and a permeability of 343 cc/30 s (in the standard conditions employed by Bosch: P rail 10 MPa and P back 0.1 MPa). The mass flow rate was measured experimentally at three different operating conditions. The main details of the experiments are shown in Table 1 . It is worth mentioning that the C d global shown in this table corresponds to the discharge coefficient of the whole injector (injector holder plus nozzle), which is obtained by solving the following equation
Figure 6. Evolution of P sac =P rail as a function of P rail for several virtual nozzles with permeabilities between 60 to 680 cc/30 s. In contrast with Figure 5 , the needle deformation is now not taken into account for the calculations. The calculation of the pressure losses for the three conditions presented in Table 1 was performed using all the concepts and equations already presented in the section Effect of the needle deformation on pressure losses (i.e. taking into account the needle deformation). However, as now C d global , P rail and P back are known, the algorithm shown in Figure 4 cannot be used. A new algorithm to perform this calculation is explained in the following lines. The input data are P rail , P back , C d global and _ m f . From this information the needle deformation, h, is calculated (from equation (2)), and the cross-sectional area at the needle seat, A seat , is determined (from equation (15)). With this parameter and the mass flow rate, C d seat is found (with Figure 10) , and with all these parameters DP seat with deformation (i.e. the pressure losses at the needle seat with needle deformation) is obtained (from equation (4)). Finally, P sac can be obtained (equal to P rail À DP seat with deformation ). The results obtained are shown in Figure 7 . These three cases are also plotted in Figure 5 using the same symbols. It can be observed that, on the one hand, the trend when using a real nozzle is the same as was obtained previously for virtual nozzles (P sac =P rail decreases first and increases afterwards as P rail increases), and thus the information shown in Figure 5 is qualitatively correct. Consequently, to assume that (C d Á A) orif is constant for the virtual nozzles was a sensible choice. On the other hand, it can also be observed that there is a mismatch between the permeability value for the real nozzle and those for the virtual ones (the nozzle permeability is 343 cc/30 s, but the three points fall between the curves of 360 and 400 cc/30 s). This fact simply demonstrates that the nozzle permeability is a parameter that is unable to appropriately represent the nozzle behaviour at real engine operating conditions. But this topic is beyond the scope of this paper.
Finally, let us assume that case 3 in Table 1 is intended to be modelled with CFD. If P sac is assumed to be the same as P rail , to neglect pressure losses leads to an error of 15% in pressure, according to Figure 7 . This error is not small, and therefore it is convenient to be careful when modelling the flow through the nozzle if it is to be later compared to experimental data.
Conclusions
A methodology to determine pressure losses in a common rail diesel injector was defined. This methodology combines experimental data and theoretical calculations based on the physics of the phenomena involved. Using this methodology, the following conclusions were extracted:
Needle deformation can be very significant. In the injector studied here, the maximum needle lift increases from 250 mm to 330 mm (so 32% higher) at P rail = 100 MPa. Needle deformation affects pressure losses. The trend is that an increase in needle deformation reduces pressure losses. Even if the needle deformation is taken into account, pressure losses can be important. For the injector used in this work, they can be around 15% of the rail pressure for a medium-permeability nozzle (340 cc/30 s) and around 30% of the rail pressure for a high-permeability nozzle (680 cc/30 s).
It is worth emphasising that special attention should be paid, on the one hand, when results relative to the injection (internal flow, spray atomization, spray penetration, etc.) and combustion processes from single-hole nozzles (i.e. low-permeability nozzles) are intended to be extrapolated to multi-hole nozzles (i.e. nozzles with much higher permeability), because pressure losses can be important in the latter case whereas they are not in the first case, and, on the other hand, if these results on nozzles from modelling are compared with those from experiments, because P sac and P rail can be significantly different from each other. As an additional remark, people working on the study of the injection and/or combustion processes, both experimentally or through simulations, will find in this work some interesting information to better know the actual injection pressure to be used in their analysis and/or simulations.
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where D A is the diameter of the needle where its cone angle changes (its value is 0.616 mm in the studied case) and s 2 is the half-angle of the needle seat, which is 30°.
Appendix 4 C d seat calculation
The value of C d seat is obtained from the information in Figure 2 . More precisely, the following steps and hypotheses are taken: DP IH is neglected (as justified in Appendix 2). Because of the previous assumption, the information of Figure 2 corresponds to DP seat A seat is found using equation (15) . For this calculation the actual needle lift, h, is calculated considering the actual value of P rail at each operating point. To determine C d seat in the range of mass flow rates covered by the fit shown in Figure 2 , equation (4) is used.
The results obtained are shown in Figure 10 , where C d seat is plotted as a function of Re, which is defined as follows
where u is the mean velocity, which can be deduced from the continuity equation ( _ m f = u Á r f Á A seat ), d h seat is the hydraulic diameter of the needle, defined as ffiffiffiffiffiffiffiffiffi ffi , and m is the fuel dynamic viscosity, the value of which is 0.00367 kg/(m Á s).
It is worth emphasising that the relationship between C d seat and Re found here comes from the experimental data shown in Figure 2 , which is strictly only valid for the type of injector holder used in the present experiment. However, as already mentioned, this one is representative of those currently used in automotive applications, and consequently the results of this paper can also be taken as representative of what might be expected in other injectors similar to the one investigated here. 
